Three structures of the form bis(imidazolidine-2-thione)gold(I) disulfonylamide [disulfonylamide = benzene-1,2-di(sulfonyl)amide (1), di(4-chlorobenzenesulfonyl)amide (2), di(4-iodobenzenesulfonyl)amide (3)] were determined. Compound 3 crystallizes with four independent formula units. The cations in 1 and 3 show an antiperiplanar conformation about the S···S axis, whereas the corresponding torsion angle in 2 is 72 • . The packing in 1 consists of linked ribbons in which the NH groups of neighbouring cations are bridged by O-S-O groups of the anions. Compound 2 exhibits a complex layer structure in which several multi-centre hydrogen bonds are observed. The structural subunits of compound 3 involve an alternating anion-cation chain for two of the cations and inversionsymmetric anion-cation dimers for the other two cations. Short C-H···Au contacts (shortest H···Au 2.63Å in 2) contribute to the packing of compounds 2 and 3.
Introduction
Our previous studies of secondary interactions in gold(I) complexes of heterocyclic ligands bearing a thione group have involved chloride [3] , camphorsulfonate [4] and di(methanesulfonyl)amide (DMS) [1] salts of the complex cations [L 2 Au] + with L = imidazolidine-2-thione ("ethylenethiourea", etu), 1-methyl-imidazolidine-2-thione and thiazolidine-2-thione. The earlier publications may be consulted for a summary of results. Ideally, one would like to obtain structures for all possible combinations of thione ligands and counteranions. In practice, many potential candidates either cannot be prepared in a pure state, refuse to form single crystals or present severely disordered structures. For this reason, we reverse our previous practice of varying the cation for a constant anion and present here three further salts of the cation bis(imidazolidine-2-thione)gold(I), [(etu) 2 Au] + X − , with various disulfonylamide anions, namely X = benzene-1,2-di(sulfonyl)amide (1), di(4-chlorobenzenesulfonyl)amide (2) , and di(4-iodobenzenesulfonyl)amide (3) (Scheme 1). Reference will be made to the previously determined structures of the same cation, namely the chloride, chloride hydrate [3] , DMS [1] and camphorsulfonate [4] salts.
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Discussion

General aspects
All three compounds crystallize solvent-free (Table 1). Compound 1 (Fig. 1) Table 1 . Crystallographic data collection, solution and refinement details for 1, 2 and 3. Fig. 1 . Bis(imidazolidine-2-thione)gold(I) benzene-1,2-di-(sulfonyl)amide, 1, asymmetric unit with numbering scheme. Thermal ellipsoids are shown with 50% probability. Hydrogen radii are arbitrary. The dashed line represents a classical hydrogen bond.
but racemically twinned; compound 3 crystallizes with four independent formula units in the asymmetric unit ( Fig. 3 shows one formula unit). Accordingly, these two structures are less precisely determined than that of compound 2 (Fig. 2) . Summaries of bond lengths, bond angles and torsion angles are presented in Tables  2 -4 . All [(etu) 2 Au] + cations display bond lengths and angles broadly as expected, e. g. S-Au-S bond angles Table 2 . Bond lengths, bond angles and torsion angles (Å, deg) for compound 1. (4) close to linearity, with values of 172 -178 • , Au-S bond lengths in the range 2.27 -2.30Å, or the angles at sulfur, 101 -108
• . Individual values may be taken from Tables 2 -4 or the Supplementary Material. The benzene-1,2-di(sulfonyl)amide anion in 1 displays the usual structural features [5] , except that the sulfur atom S4 lies as much as 0.23Å out of the plane of the six-membered ring (to the opposite side from the nitrogen atom, which lies 0.10Å out of the plane). The Table 3 . Bond lengths, bond angles and torsion angles (Å, deg) for compound 2. N-S-N-O torsion angles thus differ pairwise (two absolute values of ca. 135 • , two of ca. 95 • ; by convention the odd-numbered oxygen atoms display the larger absolute torsion angles). For a more extensive discussion of the standard geometry, see Ref. [5] .
The di(4-halo-benzenesulfonyl)amide anions of compounds 2 and 3, like their parent disulfonylamines, may in principle display either a folded conformation with local mirror symmetry ("hairpin" form) or an extended conformation with local twofold symmetry. Irrespective of the local symmetry, two of the N-S-N-O torsion angles are approximately 180 • , leading to a W-shaped O-S-N-S-O sequence; these antiperiplanar oxygen atoms are assigned the odd numbers, whereas the even-numbered oxygens are involved in synclinal S=O bonds. Each C(x1)-C(x2) ring bond is synperiplanar to the adjacent S=O(sc) bond. For a more complete description of the standard geometry, see Refs. [6, 7] . Here, all anions in 2 and 3 are folded, with intercentroid distances (Å) of 3.66 for 2 Fig. 3 . Bis(imidazolidine-2-thione)gold(I) di(4-iodobenzenesulfonyl)amide, 3, one of four formula units with numbering scheme. Thermal ellipsoids are shown with 30% probability. Hydrogen radii are arbitrary. The arbitrarily defined "first" cation is numbered with Au1, S1, S2, C1x, C2x, N1x, N2x, the second as Au2-C43, etc. The first anion is numbered with S11, S12, N1, O1-4, C10x, C20x, I1 and I2, the second as S13-I4, etc. Correspondingly, this • . The validity of the local symmetry can be expressed by ∆τ SN , the average difference between related pairs of absolute torsion angles about the S-N bonds, which is 5.9 • for 2 and 1.3, 6.3, 4.6, 5.4 • for 3. The parent amines display the extended conformation for the chloro [7] and iodo [8] derivatives, although both forms are known, as separate polymorphs, for the bromo compound [6] .
Our previous publications [1, 3, 4] established that the most relevant structural degree of freedom in the bis(thione)gold(I) cations is the torsion angle C-S··· S-C. For the [(etu) 2 Au] cation, the chloride hydrate displays the unfavourable cis (synperiplanar) conformation, with a torsion angle of −20 • , because of hydrogen bonding from both cis NH groups of (7) 2.290(4) the same cation to the water molecule. This value relaxes to −79 • in the anhydrous chloride, where the NH groups hydrogen bond to the chloride [3] . The other derivatives show no such "intracationic" hydrogen bonding; the camphorsulfonate [4] shows further widened torsion angles of ±111 • in two independent cations, whereas the DMS salt [1] shows a nearly ideal trans (antiperiplanar) conformation (−174 • ), which, other things being equal, might be expected to be the most stable form. The complex cations in 1 and 3 show A second degree of freedom is the planarity of the heterocyclic rings. This too varies from compound to compound, but in the previously determined structures the rings are in general approximately planar, with mean deviations < 0.1Å and absolute torsion angles ≤ 20 • ; this is also the case for the compounds 1 -3. Finally, the gold atoms are usually approximately coplanar with the rings (absolute Au-S-C-N torsion angles close to zero); values here are −4, 9 • for 1, −21, −20 • for 2 and 1, −10, −10, 5, −27, 1, 2, −6 • for 3. In our previous publications we have noted that these degrees of flexibility, especially of the C-S··· S-C torsion angle, make the cations less suitable for "crystal engineering" concepts, but the detailed analysis of the packing (see below) reveals instructive ways in which the cations adapt to their crystal environment.
None of the compounds 1 -3 display short "aurophilic contacts" [9] ; there are no Au···Au distances < 5Å.
Crystal packing: compound 1
Compound 1 has four classical hydrogen bond donors (the four NH groups) and five potential acceptors (the anion N and four O atoms). Four two-centre hydrogen bonds (Table 5) are formed, whereby the acceptor N1 is not involved except as a possible weak component of an asymmetric three-centre interaction together with H11···O3. These bonds combine in a straightforward manner to form ribbons parallel to the x axis (Fig. 4) , in which the NH groups of neighbouring cations are bridged by O-S-O groups of the anions. Bonds a and b (for labels see Table 5 ) form a chain of graph set C 2 2 (8) [10] , as do bonds c and d. These oppositely directed chains combine to form the complete ribbon, whereby the S-Au-S moieties act as crosslinks to form rings of graph set R 4 4 (24). Within these rings, atom O1 approaches atoms Au and S1 to Table 5 . For labels see Table 5. 3.27 and 3.33Å, respectively. Within any given ribbon, each anion only uses two oxygen acceptors; the other two then link to the next ribbons either above or below in the y direction and thus lead to the overall three-dimensional packing.
There are three structurally significant C-H··· O interactions (although their angles are narrow). Two of these, e and f, combine to form anion layers [1] parallel to the yz plane (Fig. 5) , in which rings of graph set R 4 4 (21) may be recognised. In Fig. 4 , bond f acts across the centre of the rings (but is not explicitly included), whereas bond e links adjacent ribbons in the xz plane. Bond g links cations and anions of neighbouring layers.
Because the S-Au-S axes of the cations are sterically exposed, many short contacts of the form CH···Au and C-H··· S are observed. In previous structures and elsewhere in this paper, we have attributed hydrogen bonding properties to such interactions. In compound 1, they are mostly very long (H···Au ca. 3.3Å) and probably do not influence the packing significantly. A complete list can be found in the Supplementary Material.
Crystal packing: compound 2
Compound 2 fulfils the same preconditions as compound 1 for hydrogen bonding; the cation is the same and the anion also has five potential hydrogen bond acceptors. Indeed, a layer structure is again formed (Fig. 6 ), but in this case the layers are not linked as in 1. However, the nature of the hydrogen bonding is completely different. Most surprisingly, there is only one simple two-centre classical hydrogen bond (entry a in Table 6 , also shown in Fig. 2 ) and this involves the anion nitrogen atom as acceptor. The other N-H donors are involved in asymmetric three-centre (H11, H21) or four-centre (H22) hydrogen bonds to the anion O and N atoms; it is noteworthy that atoms O1 and O2 accept none of the shortest components of the multicentre H bonds, but only two or one weaker branches, respectively. In Fig. 6 , only the shortest branches of each H bond system are included throughout the Figure; for clarity, the longer branches are shown only Table 6 .
once each.
The layers also involve one very short (H··· Au 2.63Å) C-H···Au (i) and a three-centre C-H··· (S,Au) interaction ( j, k). Again, each is included in Fig. 6 only once.
Because of the extensively multi-centre hydrogen bonding, graph set analysis is less meaningful. One easily recognisable feature is the R 2 2 (4) ring formed by H bonds b-e, right of centre in the unit cell (Fig. 6) . The gold atom is positioned above this ring and makes a short contact of 3.375(3)Å to O3.
Because the chlorophenyl rings are omitted from Fig. 6 for clarity, some features involving these rings need extra explanation. These and other contacts can be recognised in the side view of adjacent layers (Fig. 7) . There are two C-H···S interactions (l, m) and the contacts Au···Cl2 Table 7 . Hydrogen bonds (Å, deg) for compound 3.
Symmetry transformations used to generate equivalent atoms: #1 x,y − 1,z; #2 −x + 1,−y,−z + 1; #3 −x + 1,−y + 1,−z; #4 −x + 1,−y + 1,−z + 1; #5 x,y + 1,z; #6 −x + 1,−y + 2,−z + 1. Fig. 7 . Compound 2, three adjacent layers viewed edge on. Dashed lines represent various secondary interactions. For labels see Table 6 and text.
gles of 74.0 and 115.1 (2) • , this may be classified as a "type I" interaction [11] , which are not considered to arise from specific attractive forces.
Crystal packing: compound 3
Replacing the p-chloro substituent in 2 by p-iodo has a dramatic effect. Compound 3 crystallizes with four independent formula units and the packing is correspondingly complicated. Involvement in classical hydrogen bonds is restricted to 14 of the 16 potential Table 7 . Numbering of cations and anions refers to the Au and N atoms, respectively. Hydrogen atoms are omitted; p-iodophenyl rings are represented by the ipso carbon atoms.
NH donors and ten of the 16 potential oxygen acceptors (six ap and four sc); all four anion nitrogen atoms act as acceptors. All the classical H bonds are twocentre systems.
As is usual in complex three-dimensional packing systems, it is easier to split the structure into more easily assimilable parts. In this way, it can be seen that the anions play a mediating role between two substructures involving all anions together with cations 1 and 4 or 2 and 3, respectively.
The cations 1 and 4 (based on the gold numbering) interact with the anions to form the first substructure, an alternating cation-anion chain parallel to the z axis (Fig. 8) . Within the chain, the hydrogen bonds m, c, b, n ( Table 7) combine to yield the graph set C Fig. 9 . Compound 3, cyclic dimer formation via H bonds (dashed lines). For italic labels see Table 7 . Numbering of cations and anions refers to the Au and N atoms, respectively. Hydrogen atoms are omitted; p-iodophenyl rings are represented by the ipso carbon atoms.
bridging anions are not topologically equivalent, because anion 4 (based on the nitrogen numbering) is an N,O and anion 2 an O,O acceptor. The hydrogen bonds a and l branch off the main chain to anions 1 and 3, which play a terminating role in this substructure (but connect to the second substructure).
Cation 2 combines with anion 1 (as an N,O acceptor) to form an inversion-symmetric, cyclic dimer of graph set R 4 4 (16) via H bonds f and g; the H bond d is formed exocyclically to anion 4. An exactly analogous topology is shown by the dimer of cation 3 and anion 3, with anion 2 exocyclic (H bonds j, k, h). These dimers, shown in Fig. 9 , constitute the second substructure. The anions exert a pincer effect on the two cations that they connect; the short C-H··· Au interactions q and r (not shown in Fig. 9 ) probably reinforce this effect across the dimers. The remaining two classical bonds e and i connect the dimers to each other (Fig. 10) , whereas the remaining two C-H···Au interactions s and t connect the two substructures (not shown).
Two NH donors (H11, H71) remain that do not take part in classical hydrogen bonds. These form short contacts, which may reasonably be regarded as hydrogen bonds (o, p), to iodine atoms. A closer inspection of the chains of Fig. 8 reveals the structural role of these contacts. The translation of the chain by ∆ y = +1 causes the narrow S-Au-S unit of cation 1 of the translated chain to lie between the ring iodines of anion 2, the ends of the "hairpin". This association is illustrated in more detail in Fig. 11 , which shows the H bond o together with the S··· Au and S··· I contacts. Although these are somewhat longer than the sum of the van der Waals radii, the overall effect of the contacts may well be to stabilize the system. A similar effect applies to cation 4 and anion 3 via ∆ y = −1; this may be additionally recognised in Fig. 3 , in which however the contacts are not explicitly drawn.
In view of the structure-determining nature of the classical hydrogen bonds, we do not analyse a series of C-H···S and C-H···I interactions; for details, the Supplementary Material should be consulted.
Conclusions
Despite the apparently closely similar nature of the three compounds investigated, especially compounds 2 and 3, their hydrogen bonding patterns are completely different. Although the packing of compound 1 is conceptually simple (all NH groups act as donors and all anion O atoms as acceptors in two-centre H bonds), compound 2, for no obvious reason, instead exhibits several multi-centre H bond systems, and compound 3 crystallizes with four independent formula units. In both these compounds the anion nitrogen atoms function as H bond acceptors, while several potential oxygen acceptors are not utilised. This again demonstrates the resistance of the whole series of compounds to structure prediction or analogies based on chemical similarity; in other words to the concept of "crystal engineering".
Experimental Section
Physical measurements
These were recorded as described in [3] .
Preparations
The compounds [(etu) 2 Au] + X − were prepared from the corresponding chloride as follows: 1 mmol [(etu) 2 Au] + Cl − was dissolved in 50 mL of ethanol and treated with a solution of the silver disulfonylamide AgX (1 mmol; kindly provided by Prof. A. Blaschette) in acetonitrile (5 mL). The cloudy reaction mixture was stirred for 1.5 h at r. t. in the dark. After filtering off the precipitated AgCl, the colourless filtrate was stored at −18 • C for 12 h to yield crystals of the required products 1 -3.
Bis(imidazolidine-2-thione)gold(I) benzene-1,2-di(sulfonyl) amide (1)
Yield: 0.50 g (81%). -Dec. > 187 • C. 
Bis(imidazolidine-2-thione)gold(I) di(4-chlorobenzenesulfonyl)amide (2)
Yield: 0.33 g (43%). -Dec. > 176 • C. 
Bis(imidazolidine-2-thione)gold(I) di(4-iodobenzenesulfonyl)amide (3)
Yield: 0.24 g (25% 
X-ray structure determinations
The crystals were mounted in inert oil on glass fibres. Data were measured using Mo K α radiation (λ = 0.71073Å) on Siemens P4 (2, 3) or Bruker SMART 1000 CCD diffractometers (1), fitted with low temperature attachments. Structures were refined anisotropically on F 2 [12] . Crystal data and refinement details are presented in Table 1 , selected molecular dimensions in Tables 2 -4 , and hydrogen bond dimensions in Tables 5 -7 .
Hydrogen atom treatment: For 2, associated with its good crystal quality, hydrogen atoms bonded to nitrogen atoms were located in Fourier syntheses and refined freely, but with N-H distances restrained to be equal using the SADI instruction [12] . For 1 and 3, the moderate crystal quality led to problems in locating the hydrogen atoms of the NH groups (these H atoms cannot be geometrically positioned with certainty because their parent nitrogen atoms cannot be assumed to have a planar substituent geometry). Some H atoms were located directly, some were placed geometrically assuming a planar geometry and then allowed to refine; those that were not stable were fixed at idealised planar geometry. The reliability of the H atom positions can be judged by their sensible hydrogen bonding interactions (see Discussion). Other hydrogen atoms were placed in calculated positions and refined using a riding model.
Special features of refinement: Compound 1 was refined as a racemic twin, with components 0.55 : 0.45 (1) . For compounds 1 and 3, an extensive system of restraints (to displacement parameters, local ring symmetries and equivalence of independent molecules) was employed to improve refinement stability.
For the calculation of hydrogen bonding parameters, C-H bond lengths were normalised to 1.08Å [13] . Contacts with uncorrected angles < 130 • at hydrogen have generally been omitted.
Complete crystallographic data (excluding structure factors) have been deposited at the Cambridge Crystallographic Data Centre under the numbers CCDC 681656 (1), 681657 (2) and 681658 (3). Copies may be obtained free of charge via www.ccdc.cam.ac.uk/data request/cif.
